Abstract Isopiestic vapor-pressure measurements have been made at 166 compositions of the {hH 2 SO 4 ? (1 -h)Al 2 (SO 4 ) 3 }(aq) system at the temperature 298.15 K using H 2 SO 4 (aq) as the isopiestic reference standard, where h is the stoichiometric ionic molality fraction of H 2 SO 4 in the mixtures that was calculated by assuming complete dissociation of both solutes. These experiments were performed up to the crystallization limits at values of h = (0.85777, 0.71534, 0.57337, 0.42985, 0.28593, and 0.14332) corresponding approximately to h = (6/7, 5/7, 4/7, 3/7, 2/7 and 1/7); the highest achieved molalities are very slightly above or close to the solubility limits because of the very limited tendency of Al 2 (SO 4 ) 3 to form supersaturated solutions when concentrated isothermally at 298.15 K.
Introduction
Acidic aqueous solutions containing sulfuric acid and metal sulfates are commonly encountered in the hydrometallurigical extraction of metals from ores, in acid mine waste drainage, in volcanic crater lakes, and (along with ammonium ion) in atmospheric aerosols.
Very acidic natural waters are known, which are predominantly due to the presence of H 2 SO 4 , although ferrolysis {i.e., oxidation of Fe(II) to Fe(III) followed by its hydrolysis} there should be a large temperature dependence of the osmotic coefficient at least around saturation. The apparent large discrepancy reported by Apleblat and Korin [24] is largely due to their mistaken comparison of enthalpy of solution data for Al 2 (SO 4 ) 3 Á6H 2 O(cr) with ''Al 2 (SO 4 ) 3 Á18H 2 O(cr)''. Lange and Miederer [26] showed that the enthalpy of dilution of AlCl 3 (aq) can be changed from exothermic to endothermic by dilution into very dilute HCl instead of water, which is presumably due to the suppression of hydrolysis of Al(III). It is possible that hydrolytic effects are at least partially responsible for some of the discrepancies for Al 2 (SO 4 ) 3 .
Apelblat and Korin [24] also reported vapor pressures of saturated alunogen solutions from 282.05 to 316.05 K using a ''Rotronic Hygroskop DT1'' that were interpolated to give /(sat.) = 1.927 and m(sat.) = 1.094 molÁkg -1 at 298.15 K. They cited a value of /(sat.) = 1.046 at m(sat.) = 1.12 molÁkg -1 calculated from information reported by Voznesenskaya [27, 28] , which is obviously a considerable discrepancy. The osmotic and activity coefficients of Al 2 (SO 4 ) 3 (aq) from Voznesenskaya [27] are taken directly (without change) from the appendices of Robinson and Stokes [29] , and the values of Robinson and Stokes are based on those from Robinson [22] with very minor changes due to revision in the osmotic coefficient of the reference standard. Although the /(sat.) value from Apelblat and Korin seems to be improbably high, the osmotic/activity coefficients of Al 2 (SO 4 ) 3 (aq) at 298.15 K are clearly not accurately characterized.
Thermodynamic modeling of aqueous solubilities for multicomponent systems containing Al 2 (SO 4 ) 3 [30] [31] [32] have relied on parameters for Al 2 (SO 4 ) 3 (aq) that are based on the measurements of Robinson [22] or both Robinson's and Burge's [22, 23] .
During the 1980s and 1990s I measured isopiestic molalities at 298.15 K for aqueous mixtures of sulfuric acid with metal sulfates of geochemical importance. The first study involved a univalent metal sulfate, {yH 2 SO 4 ? (1 -y)Na 2 SO 4 }(aq) [13] [14] [15] , and the second a divalent metal sulfate, {zH 2 SO 4 ? (1 -z)MgSO 4 (aq)} [17, 18] . The present and final study involves a trivalent metal sulfate, {hH 2 SO 4 ? (1 -h)Al 2 (SO 4 ) 3 }(aq), and is the first isopiestic characterization of this system. These measurements have all been made at numerous closely-spaced molalities because they were intended to be the test systems for modeling of the thermodynamics of aqueous sulfuric acid mixtures with metal sulfates of different metal charge types. This investigation of the {hH 2 SO 4 ? (1 -h)Al 2 (SO 4 ) 3 }(aq) system is also the major part of the last experimental study at the Isopiestic Laboratory at Lawrence Livermore National Laboratory.
Experimental 2.1 Isopiestic Apparatus and Procedures
These isopiestic measurements were performed at T = (298.15 ± 0.00 5 ) K in the three stainless steel chambers described by Rard [33] , but with the addition of passive stirring of the vapor phase as described elsewhere [17] . Rard and Platford [34] provide additional information about this apparatus and also describe the isopiestic method in detail. Solutions were contained in cups made of tantalum metal, which is quite inert to solutions containing sulfuric acid. Each cup contained a piece of folded platinum gauze to provide additional heat transfer and turbulent stirring of the solutions as the chambers were rocked back-andforth.
Tantalum metal owes its resistance to sulfuric acid solutions to its protective surface layer of smoky-gray Ta 2 O 5 (s). Removal of this surface layer and the resulting corrosion is quite obvious because of the shiny gray appearance of the bare metal. The sample cups were carefully inspected after each equilibration and no evidence of corrosion was observed for any of the experiments. Also, in five of the six series of experiments the molalities were either increased or decreased during most of the sequential experiments of those series, and then the samples were diluted with water or concentrated (as appropriate) to put them back within the previous molality range, and the resulting osmotic coefficients were always consistent with the earlier experiments.
The Al 2 (SO 4 ) 3 (aq) stock solution was prepared from 250 g of Alfa Aesar Puratronic ''99.999% by weight'' (metals basis) and doubly distilled water. It was supplied as ten 25 g samples, batch/lot numbers 21455 and 22455. The resulting stock solution was filtered through a 0.2 lm ''low extractable'' Corning filtering unit, washed about a dozen times with the purified water before use. Its pH was measured to be 1.7 but this value is only qualitative since the ionic strength of the stock solution is much higher that those of the dilute buffers used to calibrate the pH meter, but it does show that the stock solution was sufficiently acidic for hydrolysis to have been suppressed. , respectively, with the average value (including the uncertainties of the pycnometer volumes) being (1.18084 ± 0.00002) gÁcm -3 . Table 3 continued Air was removed from the chamber before the start of each equilibration so the pressure is only slightly above that due to the water vapor a Osmotic coefficients /* for the H 2 SO 4 (aq) reference standard were calculated using the equations and parameters reported by Clegg et al. [46] . Osmotic coefficients of the individual mixtures can be easily calculated from information reported in this table by using Eq. 13 and are reported in Tables 5, 6 Densities at T = 298.15 K were reported from (0.33373 to 1.1029) molÁkg -1 by Kohner [35] , from (0.0287 to 1.063) molÁkg -1 by Cupples [36] , and from (0.0115 to 0.6506) molÁdm -3 by Schrödle et al. [37] , as were apparent molar volumes from (0.0116 to 0.3322) molÁkg -1 by Akitt et al. [38] . The older densities [35, 36] were normalized to 0.997045 gÁcm -3 for the density of water and the apparent molar volumes [38] were converted to densities using this same value. A graphical comparison of these four sets of density values indicated that those of Kohner [35] and Cupples [36] are fairly consistent, whereas those of Schrödle et al. [37] are slightly lower. The results reported by Akitt et al. [38] do not extend to molalities that are near to or above that of the stock solution used in the present study. In three of these studies [35, 36, 38] neither the methods used to prepare nor to analyze the solutions were described so presumably the solutions were prepared directly from the anhydrous or hydrated salts. The first column of Akitt et al.'s Table 5 implies that they assumed the composition of the hydrated salt was ''Al 2 (SO 4 ) 3 Á 18H 2 O(cr)'' which is one water higher than the seventeen waters now known to be present [39] , which in turn indicates they may have overestimated the amount of water in their source material and thus underestimated the molalities of their Al 2 (SO 4 ) 3 (aq) solutions.
Two of the remaining density studies [35, 36] were used to estimate the molality of the Al 2 (SO 4 ) 3 (aq) stock solution using the measured density reported above. The densities of Kohner [35] are accurately represented by the least-squares equation
with correlation coefficient -0.99998, and those of Cupples [36] from m = (0.2517-1.063) molÁkg -1 by
with correlation coefficient -0.99947, where the densities are in units of gÁcm -3 . The measured density of my stock solution, (1.18084 ± 0.00002) gÁcm -3 , then corresponds to molalities of 0.5792 molÁkg -1 (Eq. 1) or 0.5832 molÁkg -1 (Eq. 2). The average of m = (0.5812 ± 0.0020) molÁkg -1 is thus a preliminary rough estimate of the molality of the stock solution used for the isopiestic measurements.
The molar concentrations of Schrödle et al. [37] were converted to molalities and their densities are represented by the least-squares equation with correlation coefficient -0.97364, where the densities are based on 0.9970 gÁcm -3 as stated by the authors. The coefficient of the linear term is similar to those for the studies of Kohner [35] and Cupples [36] whereas that of the quadratic term is much larger and this equation yields the larger estimated molality of m = 0.5865 molÁkg -1 . However, the density of their highest molality solution does not seem to be entirely consistent with those at lower molalities (i.e., significantly lower than the extrapolated value) so this estimated molality has a larger uncertainty.
Alunogen is not well suited for use as a gravimetric weighing form because of variations in the water content reported in the literature as summarized by Fang and Robinson [39] . They showed that the fully hydrated alunogen has the formula Al 2 (H 2 O) 12 (SO 4 ) 3 Á5H 2 O(cr) with seventeen waters of hydration. They also discussed the frequent literature claims for eighteen waters of hydration for which there is no credible experimental evidence. The anhydrous form Al 2 (SO 4 ) 3 (s) was found in the present study to not be sufficiently thermally stable to serve as a gravimetric weighing form, and consequently Al 2 O 3 (s) was chosen as the gravimetric weighing form.
Three mass aliquots of the Al 2 (SO 4 ) 3 (aq) stock solution were added to individual weighed crucibles with lids, and the solutions slowly evaporated to dryness on a hotplate and then transferred to a box furnace along with an additional (empty) crucible that was used as a tare. The furnace temperature was initially set at 393 K, samples were removed 22 times on different days, cooled for 1 h in a desiccator (over CaSO 4 ), weighed, and then returned to the furnace. The samples' masses continued to decrease with time. The furnace temperature was then gradually increased with multiple weighings being made at each of 20 different temperatures ranging from 403 to 873 K and similar mass decreases with time were observed at each of these temperatures. However, when the furnace temperature was increased to 923 K the rate of weight loss became very slow as most of the aluminum sulfate had decomposed to form Al 2 O 3 (s).
The samples were maintained at 923 K for 477 days with the samples being removed for weighing on 239 occasions. After about 380 days the weights had become almost constant and did not vary by much during the measurements for the last 40 weighings, but there was sill a very slow decrease with time. This implies that Al 2 O 3 (s) formation was nearly but not quite complete. I note that Grønvold and Meisingset [40] reported that polycrystalline Al 2 (SO 4 ) 3 Á17.43H 2 O(cr) could be completely dehydrated to Al 2 (SO 4 ) 3 (s) by 725 K. However, the present results indicate that it actually slowly decomposes to Al 2 O 3 (s) at this temperature.
The furnace temperature was then increased to 948 K, with 41 weighings over 78 days and an even slower weight loss was observed. The temperature was subsequently increased to 973 K and the samples weighed 32 times over 51 days at this temperature. The weights of the samples were essentially constant for the last 10 weighings made during the last 16 days, and it was then assumed that by then the Al 2 (SO 4 ) 3 [42] cited earlier works where decomposition was observed to start by 853-923 K; Kato et al. [41] found that one of their samples, previously dried at 473 K, began decomposing below 773 K. The results of the present investigation are consistent with these observations, but to get complete decomposition at 973 K obviously required a very long period of time (Fig. 4 of Kato et al. [41] indicates that more than 90% of their Al 2 (SO 4 ) 3 (s) sample decomposed to Al 2 O 3 (s) within 6 h at this temperature).
A sample of the filtered stock solution was analyzed by inductively-coupled plasmaatomic emission spectroscopy and the results are reported in Table 1 . Of the 22 impurity elements analyzed for, 11 were not found and most of those detected were present in insignificant amounts. The exception was potassium, assumed present as K 2 SO 4 , which constituted 81.5 mol% of the impurities. Based on the concentrations reported in Table 1 , the purity of the Al 2 (SO 4 ) 3 used in the present experiments was 99.962 mol% with most of the 0.038 mol% impurities being K 2 SO 4 . The residues in the crucibles will thus have contained very small amounts of these impurities, initially as the sulfates (except for silicon which was presumed to be SiO 2 ). However, thermal stability information in the Handbook of Chemistry and Physics [44] suggests that the sulfates of Cu, Fe, Zn and possibly Ni would have decomposed to their corresponding oxides below 973 K. Based on this information, 3.0 9 10 -5 g(residue)Ág(solution) -1 was due to the impurities. After correcting for the impurities, the mass ratio of Al 2 O 3 -to-solution is (0.049326 ± 0.000063) g(residue)Ág(solution) -1 and thus the accepted molality of Al 2 (SO 4 ) 3 in our stock solution is m = (0.57975 ± 0.00089) molÁkg -1 . This value agrees well within the uncertainty limits of the average of m = (0.5812 ± 0.0020) molÁkg -1 estimated from density data and is in excellent agreement with m = 0.5792 molÁkg -1 derived from the densities of Kohner [35] . The correction for the 0.038 mol% impurities present in the Al 2 (SO 4 ) 3 (aq) stock solutions is very small. The molality-based osmotic coefficients of an aqueous electrolyte solution is defined in terms of the water activity a w by
where M w is the molar mass of water (0.0180153 kgÁmol
) and m i the stoichiometric ionization number of electrolyte i. The main affect of the impurities will be from their contribution to the P [44] .
The H 2 SO 4 (aq) stock solution used both for preparing the six mixed {hH 2 SO 4-? (1 -h)Al 2 (SO 4 ) 3 }(aq) stock solutions and as the isopiestic reference standard was prepared by mass dilution of the concentrated stock solution described earlier [45] , with molality m 1 = (0.44902 5 ± 0.00030) molÁkg -1 where the uncertainty limit is the estimated standard uncertainty.
It should be noted that in none of the previous determinations of the water activity/vapor pressure of Al 2 (SO 4 ) 3 (aq) solutions [22] [23] [24] , or the determination of volumetric properties [35] [36] [37] [38] , were the Al 2 (SO 4 ) 3 samples analyzed for their impurity content. However, Robinson [22] prepared his Al 2 (SO 4 ) 3 ''from A. R. potash alum'', i.e. KAl(SO 4 ) 2 , and his sample probably had significantly higher levels of potassium than the Al 2 (SO 4 ) 3 sample used in the present study. Tables 2 and 3 The total molality is, of course, given by
Calculation of Osmotic Coefficients
where m 1 is the molality of H 2 SO 4 and m 2 is the molality of Al 2 (SO 4 ) 3 . This total molality is directly related to the molality fraction of H 2 SO 4 in the mixture, z,
The ionic-molality fraction h of H 2 SO 4 is then given by
and that of Al 2 (SO 4 ) 3 by
The molality-based osmotic coefficients / of Al 2 (SO 4 ) 3 (aq) and {hH 2 SO 4-? (1 -h)Al 2 (SO 4 ) 3 }(aq) were calculated using the fundamental equation for isopiestic equilibrium:
where m 1 = m* = 3 is the stoichiometric ionization number of H 2 SO 4 and m 1 its molality, m 2 = 5 is the stoichiometric ionization number of Al 2 (SO 4 ) 3 and m 2 its molality, and the corresponding quantities for the H 2 SO 4 (aq) reference standard solution at isopiestic equilibrium are denoted with an asterisk. In terms of the quantities reported in Tables 2 and  3 ,
The osmotic coefficients of the H 2 SO 4 (aq) reference standard solution /* at the experimental molalities and 298.15 K were calculated with the equation and parameters of Clegg et al. [46] . The experimental isopiestic molalities m T and reference solution osmotic coefficients /* are reported in Tables 2 and 3 Inasmuch as all of the {hH 2 SO 4 ? (1 -h)Al 2 (SO 4 ) 3 }(aq) solutions used in the present study contained significant concentrations of sulfuric acid, hydrolysis was suppressed and the concentrations of the hydroxyl complexes and hydrolytic polymers in these solutions were negligible.
Solutions of Al 2 (SO 4 ) 3 (aq) undergo extensive ionic association as do other sulfates with trivalent cations. There are several studies that report equilibrium constants for the following reactions: 
as summarized in Table 1 of Ridley et al. [51] . Also, results from dielectric spectroscopy [37] and Raman spectroscopy [52] indicate that the mono sulfate complex exists as a mixture of both outer and inner sphere complexes. In addition, all of the solutions investigated in this study contained significant amounts of sulfuric acid so the following equilibrium is also likely to be important: Table 4 reports the highest molalities of Al 2 (SO 4 ) 3 achieved in the isopiestic experiments for the {hH 2 SO 4 ? (1 -h)Al 2 (SO 4 ) 3 }(aq) system at T = 298.15 K. As can be seen from the results in Tables 2 and 3 Table 4 . Figure 1 is a plot of the stoichiometric molality-based osmotic coefficients for the {hH 2 SO 4 ? (1 -h)Al 2 (SO 4 ) 3 }(aq) system at T = 298.15 K. Their values can be easily calculated from the information reported in Tables 2 and 3 by combining Eqs. 8 and 9 to yield
Results
The resulting values of / are reported in Tables 5, 6 , 7, 8, 9, 10 of the Appendix. Although the molality-based ionic strength is the composition variable most commonly used in such plots, its values calculated using the stoichiometric molalities of H 2 SO 4 and Al 2 (SO 4 ) 3 would have little significance because of the extensive ionic association occurring in these solutions which reduces the actual ionic strength. Consequently the total stoichiometric molality m T was used as the composition variable, although of less fundamental interest it is at least an unambiguous composition quantity. [46] , for Al 2 (SO 4 ) 3 (aq) are from [22] , and for the mixtures are from Tables 2 and 3 and the Appendix As can be seen from Fig. 1 3 (aq) at any fixed value of m T now being highest and for H 2 SO 4 (aq) now being lowest, and with those for the {zH 2 SO 4 ? (1 -z)Al 2 (SO 4 ) 3 }(aq) mixtures being intermediate in the order of their values of z. At about m T = 0.60-0.62 molÁkg -1 the three curves for z = (0, 0.21803, and 0.40026) cross each other while the remaining crossovers occur at different values of m T . Above the crossover region the spacing between the curves is small for solutions whose Al 2 (SO 4 ) 3 -to-H 2 SO 4 molar ratio is high but this spacing becomes increasingly larger as this molar ratio decreases. If the plot was made against the molality-based ionic strength rather than m T , then the spacing between the curves would be more similar and the crossovers shifted to higher molalities. However, the highest molality of H 2 SO 4 found in the {zH 2 SO 4 ? (1 -z)Al 2 (SO 4 ) 3 }(aq) mixtures is 4.5076 molÁkg -1 , and the thermodynamic model of Clegg et al. [46] indicates that at that molality only about 32% of the sulfate is present as SO Crossovers of the values of / similar to those in the {zH 2 SO 4 ? (1 -z)Al 2 (SO 4 ) 3 }(aq) mixtures are also observed for {zH 2 SO 4 ? (1 -z)MgSO 4 }(aq) mixtures as seen in Fig. 1 of that study [18] but they occur at significantly higher total molalities of m T = (3.2-3.6) molÁkg -1
. Perhaps somewhat surprising, this is the same type of qualitative behavior as observed for mixtures of strong electrolytes of different valence types such as for {yNaCl ? (1 -y)SrCl 2 }(aq) [55] .
Because of the formation of HSO À 4 ðaqÞ and several types of complexes of Al(III) in these solutions, an interpretation of the detailed behavior of the / curves for the {zH 2 SO 4-? (1 -z)Al 2 (SO 4 ) 3 }(aq) system will be quite difficult. The definition of the molality-based osmotic coefficient by Eq. 4 involves use of the stoichiometric molalities of H 2 SO 4 and Al 2 (SO 4 ) 3 while assuming the electrolytes are completely dissociated, which is how osmotic coefficients are nearly always calculated and reported. It is also possible to define a different osmotic coefficient / e in terms of the equilibrium speciation present in these solutions:
and clearly
However, calculation of the equilibrium speciation will require knowledge of the activity coefficients of the ionic species present which is well beyond the current capability of even the best thermodynamic models and will require some simplifying assumptions. In many of my previous isopiestic studies, I and my co-authors have used an extended form of Pitzer's ion-interaction model [56] due to Archer [57] that was generalized to mixtures by Clegg et al. [46] . For higher valence electrolytes where both ions are divalent or of higher change such as Al 2 (SO 4 ) 3 (aq), where ionic association results in significant deviations from the Debye-Hückel limiting law at extremely low molalities, Pitzer [56, 58] added the b ð2Þ M;X exp(À a 2 I 1=2 Þ term where I is the molality-based ionic strength. Because this term was designed to represent the behavior of molality-based activity and osmotic coefficients at extremely low ionic strengths, Pitzer recommended a 2 = 50 kg The detailed modeling of the osmotic and activity coefficients of the {zH 2 SO 4 ? (1 -z)Al 2 (SO 4 ) 3 }(aq) system is beyond the scope of the present manuscript, but is something that I plan to examine sometime in the future. 
